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In view of its mountainous terrain, peninsular shape, and status as an agglomeration of formerly 
separate landmasses, the island of Sulawesi, Indonesia, presents a fertile opportunity for 
examining biogeographical processes. Previous work on Sulawesi primates and amphibians 
suggested the existence of distinct areas of endemism (AoEs), but the relevance of these zones to 
a broader set of taxa has not been widely investigated, nor the reasons for their existence fully 
explored. Here, we use population genetic analyses of the endemic Sulawesi shrew, Crocidura 
elongata, to assess biogeographical partitioning according to the putative AoEs. We uncover 
significant cryptic diversity within C. elongata that poorly aligns with the AoEs. Rather, we 
identify patterns consistent with the earliest divergence occurring along elevational gradients, 
and subsequent divergence evolving across the island’s AoEs. Our results suggest that disparate 
forces have contributed to the diversification of Sulawesi’s vertebrate fauna and complement 
other studies in highlighting the extensive intra-island diversification that has occurred among 









Insular Southeast Asia holds an important place in the history of biogeography and, indeed, the 
history of evolutionary biology (Darwin and Wallace 1858; Wallace 1869). Early naturalists 
documented striking zones of faunal turnover and remarkable levels of endemism (e.g., Huxley 
1868; Wallace 1869; Dickerson 1928). Nevertheless, the fauna of this megadiverse region 
remains poorly known in many respects, and modern expeditions frequently uncover new species 
of vertebrates, including mammals (e.g., Heaney et al. 2011, 2014a; Esselstyn et al. 2012, 2013). 
It is perhaps unsurprising, then, that the biogeographical factors that shaped the region’s current 
patterns of diversity and endemism remain poorly understood. For instance, in the Philippines, 
the history of cyclic connections among certain islands during the Pleistocene has often been 
invoked to explain biodiversity patterns (e.g., Dickerson 1928; Inger 1954; Brown and Alcala 
1970). However, the importance of this model as a mechanism of speciation has proven 
somewhat limited in the Philippines and neighboring areas, and other factors likely play a 
significant role (Gorog et al. 2004; Siler et al. 2010; Brown et al. 2013; Sheldon et al. 2015). 
Nevertheless, permanent and intermittent stretches of both water and alien habitat serve as partial 
barriers to dispersal, provide opportunities for allopatric speciation, and have contributed 
considerably (though not solely) to the development of the region’s overall diversity (Heaney et 
al. 2005; Jansa et al. 2006; Esselstyn and Brown 2009; Lohman et al. 2011; Rowe et al. 2016a). 
Other important factors determining patterns of diversity and endemism include island 
area, age, isolation, and topographic complexity. Island area is positively correlated with levels 
of species richness on both oceanic and continental islands (Wilson 1961; Heaney 1984), and 
seems to foster in situ diversification when combined with long-term isolation and complex 
topographies (e.g., Heaney and Rickart 1990; Heaney 2011; Toussaint et al. 2014). For example, 
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the large, topographically complex oceanic islands of Luzon and Sulawesi harbor adaptive 
radiations of mammals that have undergone extensive in situ diversification (Jansa et al. 2006; 
Rowe et al. 2016a). In addition to the ecologically and morphologically diverse radiations found 
on these large islands, recent studies have also discovered high levels of relatively cryptic 
diversity, with genetic analyses uncovering deep divergences among allopatric and 
morphologically similar lineages (Lim and Sheldon 2011; Heaney et al. 2011, 2014a, b; Balete et 
al. 2012; Musser 2014). These findings suggest that geographic or ecological processes occurring 
within individual islands often generate diversity and may initiate the speciation process. 
 Among Southeast Asia’s largest islands, Sulawesi presents a particularly compelling case 
for biogeographical study. Lying immediately east of Wallace’s Line (Wallace 1863), Sulawesi 
exhibits Wallacea’s emblematic mélange of the Sahulian (i.e., originating on the New 
Guinea/Australian continental plate) and Sundaic (Asian) faunas, albeit with a stronger Asian 
flavor (Whitten et al. 2002). Described as “anomalous” by Wallace (1880) as he struggled to 
classify its predominantly endemic biota, Sulawesi is remarkable in a number of geographic 
respects. First, it is among the largest islands in Southeast Asia (11th largest globally) and 
overwhelmingly the largest in Wallacea. Second, Sulawesi is centrally positioned relative to 
three highly diverse and distinctive potential source faunas found in Sahul (Australia and New 
Guinea), Sunda (Borneo, Java, and Sumatra), and the Philippines. Third, Sulawesi is strikingly 
“peninsular,” with its four large arms together comprising a substantially greater land area than 
the island’s central core (Figure 1.1). Fourth, Sulawesi’s topography spans an extensive 
elevational range, reaching from sea level to >3000 m in the case of several peaks in the island’s 




FIGURE 1.1: Map of Sulawesi with black lines corresponding to AoE boundaries. Numbers 
indicate the locations of sampling localities as follow: 0 = Luwu Timur, 1 = Mt. Gandangdewata, 
2 = Salu Tiwo, 3 = Mt. Balease, 4 = Mt. Latimojong, 5 = Lore Lindu, 6 = Mt. Tompotika, 7 = Mt. 





prehistoric islands collided between 5 and 20 Ma (Mega-annum or million years ago), largely as 
a result of the ongoing collision between the Asian and Sahulian continental margins (Hall 2002; 
Spakman and Hall 2010; Hall 2011). Thus, Sulawesi’s combination of large area, peninsular 
shape, mountainous terrain, central location relative to disparate source faunas, and history as an 
archipelago provides numerous plausible mechanisms for generating high levels of species 
diversity within the island. 
Early taxonomic work showed the preponderance of endemic taxa on Sulawesi (e.g., 
Miller and Hollister 1921a, b), but it was not until much later that biologists began to realize that 
diversity might be partitioned among Sulawesi’s peninsulas in a regular, predictable fashion. 
Fooden (1969) first noted that macaque hybrid zones correspond to natural geographic 
boundaries separating the peninsulas from the central core, and individual components of the 
north peninsula from each other. More recent genetic comparisons of amphibians, reptiles, and 
mammals have supported the notion that these areas are consistently places of lineage 
partitioning, suggesting that the geographic distributions of these taxa have been influenced by a 
shared mechanism (Evans et al. 2003a, b, 2008; McGuire et al. 2007; Shekelle et al. 2010; 
Setiadi et al. 2011). For example, noting shared patterns of endemism between Sulawesi 
macaques and the Celebes toad, Evans et al. (2003a, 2008) postulated a role for marine 
inundations and/or adaptation to distinct ecological circumstances in generating areas of 
endemism (AoEs; Figure 1.1) on Sulawesi. It is also possible that some organisms colonized the 
proto-Sulawesi archipelago broadly and diversified in allopatry prior to the collision of 
individual islands (e.g., squirrels; see Hawkins et al. 2016). However, the ages of divergences 




 Recently, new species of rodents that are apparently endemic to just the western portion 
of the central core AoE have been discovered (Esselstyn et al. 2012; Musser 2014; Rowe et al. 
2014, 2016b), suggesting that denser sampling might reveal additional AoEs or that the AoE 
paradigm does not fit the island’s diverse rodent fauna. In any case, the taxonomic breadth across 
which Sulawesi’s AoE paradigm is relevant remains unknown. Testing the paradigm in 
additional taxa will help assess the importance of shared biogeographical events and 
mechanisms, while also offering guidance to conservation efforts. 
 Shrews of the genus Crocidura are well represented on Sulawesi, with six endemic 
species derived from two independent colonizations (Ruedi 1995; Ruedi et al. 1998; Esselstyn et 
al. 2009). Among Sulawesi’s shrews, the species Crocidura elongata offers a particularly 
promising opportunity to evaluate the AoE paradigm because it is widespread on the island and 
its members are easily distinguished from other known species by external characters (Ruedi 
1995). Here, we perform multi-locus population genetic, phylogenetic, and species delimitation 
analyses on C. elongata sampled from across Sulawesi and gauge geographic structure among 
these populations. We interpret the results in terms of their consistency with the AoE paradigm 










2. Materials and Methods 
2.1 Taxon sampling 
Specimens of Crocidura elongata were collected from ten localities across Sulawesi, 
incorporating representatives from four of the island’s seven AoEs. These specimens are 
vouchered at the Field Museum of Natural History, Chicago (FMNH); Museum Victoria, 
Melbourne (NMV); Louisiana State University Museum of Natural Science, Baton Rouge 
(LSUMZ); Museum of Wildlife and Fish Biology, Davis (WFB); and Museum Zoologicum 
Bogoriense, Bogor (MZB). Sample sites include multiple localities within the central core (Mt. 
Gandangdewata [20 individuals], Salu Tiwo [4], Mt. Balease [10], Luwu Timur [3], Mt. 
Latimojong [6], and Lore Lindu National Park [9]) and NW (Mt. Dako [9] and Mt. Buliohuto 
[8]) AoEs, with one population sampled from each of the SE (Mt. Mekongga [3]) and E (Mt. 
Tompotika [3]) AoEs (Figure 1.1). All shrews were collected in forested habitats, with the 
majority taken in relatively undisturbed primary forest. Only the Salu Tiwo site consisted of 
secondary forest and shrubby, regenerating vegetation. Several of the sites include samples from 
multiple elevations, often encompassing the major forest types of lowland dipterocarp forest and 
montane forest (sensu Musser 2014). With the exception of one individual (WFB8203) from Mt. 
Mekongga that was sampled at 150 m above sea level, Salu Tiwo was the lowest sample site at 
170 m. The highest site was on Mt. Gandangdewata, where sampling reached 2600 m. We 
generally found C. elongata co-occurring with 4–5 other species of Crocidura. 
2.2 DNA sequencing 
DNA was extracted from tissue samples using the Qiagen DNeasy protocol or Promega Wizard 
SV kits. We amplified one mitochondrial gene (cytochrome b [cyt b]) and 15 nuclear loci via the 
polymerase chain reaction (PCR). Of the 15 nuclear loci, eight (apolipoprotein B [ApoB]; brain-
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derived neurotrophic factor [BDNF]; breast cancer susceptibility gene [BRCA]; growth hormone 
receptor [GHR]; mast-cell growth factor [MCGF]; prostaglandin E2 receptor [PTGER]; 
recombination-activating gene [RAG-1]; and von Willebrand factor [vWF]) were amplified and 
sequenced following the protocols of Esselstyn et al. (2013). Primers for the remaining seven 
loci (ankyrin repeat domain [ANKRD]; cyclin-T [CCNT]; glutamate receptor, N-methyl D-
Aspartate [GRIN]; methyl-CpG-binding domain [MBD]; nuclear receptor coactivator [NCOA]; 
SLIT and NTRK family [SLITRK]; and transmembrane protein [TMEM]) were designed using 
alignments of coding loci from Sorex araneus, Bos taurus, and Mus musculus taken from the 
OrthoMam database (Douzery et al. 2014). General methods of amplification and cycle 
sequencing for these seven loci followed Esselstyn et al. (2013), but with locus-specific 
annealing temperatures (Table A.1 in Appendix) used during PCR thermal cycles. All nuclear 
loci are entirely protein coding except MCGF, which spans exon – intron boundaries. PCR 
products were purified using ExoSAP-IT and prepared for sequencing using the BigDye 
Terminator v3.1 Cycle Sequencing Kit and a non-commercial ethanol clean up procedure. 
Prepared samples were sequenced in both directions at the Cornell University Biotechnology 
Resource Center. Sequences were edited by eye in GENEIOUS 7.1.7 (Kearse et al. 2012) and 
aligned using the MUSCLE algorithm (Edgar 2004) in GENEIOUS. Alignments were examined 
by eye and verified to be free of premature stop codons. Degenerate bases were called as 
heterozygotes by GENEIOUS. Chromatograms associated with each heterozygous site were 
subsequently checked by eye to avoid scoring sequencing errors as genetic variants. 
All nuclear sequences were resolved into statistically probable haplotypes using PHASE 2.1.1 
(Stephens et al. 2001; Stephens and Donnelly 2003). The online application SeqPHASE (Flot 
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2010) was used to convert FASTA files to PHASE input files, as well as convert PHASE output 
back to FASTA format. 
2.3 Mitochondrial gene tree and divergence date estimation 
We estimated a mitochondrial gene tree using Bayesian and maximum likelihood (ML) 
frameworks. An HKY + Γ model of nucleotide substitution was chosen using the Bayesian 
Information Criteria (BIC) in jModelTest 2.1.7 (Guindon and Gascuel 2003; Darriba et al. 2012), 
where we allowed three substitution schemes (JC/F81, K80/HKY, and SYM/GTR) and used an 
ML-optimized base tree for calculating the likelihood of each model. 
We performed the Bayesian analysis in BEAST 2.1.3 (Bouckaert et al. 2014). Two 
independent runs of 2 × 109 Markov chain Monte Carlo (MCMC) generations were initiated with 
random starting trees. The prior of substitution rate was specified as a lognormal distribution 
with a mean of 1.0 and standard deviation of 1.25. We used a Yule model of tree shape. Samples 
were drawn every 2 × 105 generations. Divergence dates between taxa were estimated using a 
mean substitution rate for cyt b of 0.01 substitutions per site per million years (Brown et al. 
1979; see also Nabholz et al. 2007), with 95% of the prior probability between 0.001 and 0.02 
substitutions per site per million years. We assumed a relaxed clock with a lognormal 
distribution. We altered the mean of the uncorrelated lognormal distribution of the substitution 
rate from a uniform distribution to a lognormal distribution. We assessed MCMC convergence 
and selected appropriate burn-in values by examining trace plots of the likelihood and other 
parameters, while verifying that adequate effective sample sizes (>200) were obtained, in 
TRACER v1.6 (Rambaut et al. 2014). Trees produced by BEAST were summarized using 
TREEANNOTATOR v2.1.2 after discarding the burn-in (Bouckaert et al. 2014). 
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We conducted the ML analysis using GARLI v2.0 (Zwickl 2006). We performed six 
independent analyses, each consisting of five replicates of 5 × 106 generations. Outside of 
specifying the model of nucleotide substitution, we kept all settings at their defaults. We used 
Crocidura batakorum, a Philippine endemic species inferred as sister to the main radiation of 
Sulawesi shrews (Esselstyn et al. 2009), as the outgroup. ML bootstrap support values were 
obtained from 1000 bootstrap replicates and mapped onto the tree receiving the highest 
likelihood using Sumtrees v.4.1.0 in DendroPy v.4.1.0 (Sukumaran and Holder 2010). 
2.4 Phylogenetic analysis of concatenated nuclear genes 
We conducted a concatenated analysis using MrBayes v.3.2.5 using all 15 unphased nuclear loci. 
We performed a partitioned analysis, choosing models of nucleotide substitution (Table A.2 in 
Appendix) for each unphased gene using the BIC in jModelTest 2.1.7 (Guindon and Gascuel 
2003; Darriba et al. 2012), in which we allowed three substitution schemes and used an ML-
optimized base tree for calculating the likelihood of each model. We ran two independent 
MCMC analyses, each with four chains. Both analyses were run for 106 generations, drawing 
samples every 1000 generations, and we discarded the first 25% of generations as burn-in. We 
used TRACER v1.6 (Rambaut et al. 2014) to confirm MCMC stationarity and ensure that 
effective sample sizes of >200 were achieved. Crocidura nigripes, a distantly related species 
(Ruedi et al. 1998; Esselstyn et al. 2009), was used as the outgroup. 
2.5 Assessment of geographic patterns of diversity 
We used the Bayesian approach implemented in STRUCTURE v2.3 (Pritchard et al. 2000) to 
cluster individuals according to genetic similarity and thereby ascertain geographic patterns 
within C. elongata. We used STRUCTURE’s admixture model and assumed that allele 
frequencies were correlated (Falush et al. 2003) between clusters. We chose not to use collection 
locality as a prior. Initial analyses, including the full set of 76 individuals and 15 phased nuclear 
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loci, were run for 5 × 104 generations with 104 generations discarded as burn-in to explore the 
potential number of clusters (K) at values of 1–10 (10 replicates each). Continuing to use the full 
dataset, we subsequently ran STRUCTURE longer (7.5 × 105 generations, 5 × 105 generations 
discarded as burn-in), 20 times with a narrower range of K values (1–5) based on results from 
our initial analyses. As finer-scale population genetic partitions can be overshadowed by higher 
levels of genetic structuring (Evanno et al. 2005), additional runs of STRUCTURE were 
performed in a hierarchical manner similar to the approach used by Vähä et al. (2007). Following 
the identification of the highest-level split of clusters in the initial STRUCTURE analyses 
(“Level 1”), STRUCTURE was run independently on each of the resultant clusters (“Level 2”). 
This logic was extended to a third round (“Level 3”), by which point most individuals had sorted 
into clusters corresponding to collection localities. 
In the majority of cases, we determined the best estimate of the number of clusters (K) 
using the method of Evanno et al. (2005) as implemented in the online application Structure 
Harvester (Earl and vonHoldt 2012). Estimates of K are made independently of any direct 
consideration of biological reality and therefore blind acceptance of estimated K values has been 
discouraged (Meirmans 2015). In this study, there was a single instance (Level 3c) in which the 
K identified using the method of Evanno et al. (2005) seemed dubious on biological grounds (see 
Results). 
All runs in Levels 2 and 3 were initially conducted for 5 × 104 generations (burn-in of 104 
generations; 20 times for each K of 1–10), whereupon cluster assignment coefficients were 
compared between replicates to ensure consistency among runs at each K. The two analyses 
initially producing inconsistent results (3b and 3c) were re-run for longer durations (3b was run 
for 7.5 × 105 generations with a burn-in of 5 × 105, 20 times for each K 1–10; after using those 
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settings in 3c continued to produce inconsistent results, we re-ran 3c for 2 × 106 generations with 
a burn-in of 7.5 × 105, 20 times for each K 1–10). 
We used Mantel tests (Mantel 1967) in the ade4 package (Dray and Dufour 2007) in R (R 
Core Team 2016) to test for spatial autocorrelation between mitochondrial genetic distance 
(calculated with MEGAv6.0; Tamura et al. 2013) and both straight-line geographic distance and 
elevational difference. We based our results on 104 permutations. 
2.6 Species delimitation 
Because our initial results showed substantial genetic divergence between populations, we tested 
the hypothesis that these populations represented different species and estimated species tree 
relationships simultaneously using BPPv.3.1 (Rannala and Yang 2013; Yang and Rannala 2014; 
Yang 2015). BPP compares the probabilities of different species boundaries and phylogenies 
using the multispecies coalescent (Yang 2015). We included all phased nuclear loci (but not cyt 
b) in this analysis. We divided individuals among 12 putative species. Each sampling locality 
was represented by one putative species, with the exceptions of Mt. Gandangdewata and Lore 
Lindu, each of which was divided into two putative species on the basis of our observations from 
our mitochondrial gene tree analyses (see Results). We also excluded one Mt. Mekongga 
individual (WFB8203) from the analysis because it appeared alone at the end of a long branch in 
the cyt b tree and we wanted to avoid artifacts of small sample size (initial runs including that 
individual produced inconsistent results). Each BPP analysis was run for 105 steps after 
discarding a burn-in of 8,000. As prior selection influences the posterior probabilities for models 
(Yang and Rannala 2010), BPP was run with three separate combinations of priors for ancestral 
population size (θ) and root age (τ0), mirroring those applied by Leaché and Fujita (2010) (see 
Table 3.3 in Results). We ran BPP twice with each combination to ensure convergence. 
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2.7 Species tree estimation 
We used *BEAST (Heled and Drummond 2010) to estimate relationships between the putative 
species supported in the BPP analysis. Models of nucleotide substitution (Table A.2 in 
Appendix) were chosen for each locus (we used all phased nuclear genes, plus cyt b) using the 
BIC in jModelTest 2.1.7 (Guindon and Gascuel 2003; Darriba et al. 2012) where we allowed 
three substitution schemes and used an ML-optimized base tree for calculating the likelihood of 
each model. Two identical runs of *BEAST with random starting trees were executed, each with 
a chain length of 2 × 109, with samples drawn every 2 × 105 generations. In initial analyses using 
a relaxed clock for each gene, MCMC trace plots failed to stabilize after 1.3 × 109 generations, 
and we observed low variation in the rates of evolution for different lineages. For these reasons, 
as well as the fact that cyt b’s faster rate of evolution allows it a greater opportunity than the 
nuclear loci to depart from a strict rate, all nuclear genes were set to adhere to a strict clock 
model, while cyt b was fit to a relaxed clock. Divergence dates between taxa were also estimated 
by calibrating the tree with a substitution rate of 0.01 substitutions per site per million years at 
the cyt b locus (Brown et al. 1979; see also Nabholz et al. 2007), with 95% of the prior 
probability between 0.001 and 0.02 substitutions per site per million years. We used a Yule 
model of tree shape. We selected burn-in values, assessed MCMC convergence, and summarized 
trees produced by *BEAST using the same methods outlined above in the mitochondrial gene 
tree methods. We used Crocidura nigripes as the outgroup. 
2.8 Gene flow estimation 
We used the Bayesian coalescent model implemented in MIGRATE-N (Beerli and Felsenstein 
2001; Beerli 2006) to estimate rates of gene flow between various clusters and groups of clusters 
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identified in our STRUCTURE analyses. Because we wanted to assess patterns of gene flow 
among different sets of populations, we conducted three rounds of analyses. 
In each of the three analyses we 1) used MIGRATE-N’s built-in FST-like calculation 
(Beerli and Felsenstein 1999) to generate initial parameter values; 2) assumed a constant 
mutation rate across loci; 3) assumed a finite sites mutation model; 4) enabled an MCMC heating 
scheme with four heated chains (allowing swapping between chains); 5) used uniform prior 
distributions; 6) discarded a burn-in of 30,000 trees per chain; 7) recorded 8000 total steps with a 
sampling increment of 200 (total trees sampled per replicate thus equaled 1.6 × 105) for each of 
four replicates; and 8) used posterior modes as our parameter estimates. In analysis 1 we allowed 
the mutation-scaled effective immigration rates, M, to be asymmetrical, while in analyses 2 and 
3, mutation-scaled effective immigration rates were assumed to be symmetrical. Additional, 






















TABLE 2.1: Settings specific to individual analyses conducted in MIGRATE-N (Beerli 2006; 
Beerli and Felsenstein 2001). θ = the mutation-scaled effective population size; M = the 
mutation-scaled effective immigration rate. 1a denotes lower-elevation individuals from Mt. 
Gandangdewata; 1b denotes higher-elevation individuals from the same mountain. 8203 refers to 








Upper and lower 




A 7, 8 
0, 0.05 0, 1000 B 1, 4, 5 
C 0, 2, 3, 6, 9 
2 
A 7, 8 
0, 0.03 0, 6000 
B 1, 4, 5 
C 6 
D 2 
E 0, 3, 8203 
3 
A 7, 8 
0, 0.03 0, 6000 




















3.1 Alignment contents and sequence variation 
Our cyt b alignment, including 46 unique haplotypes sequenced from 75 individuals, was 1131 
bases long with 25.6% missing data. Sequence lengths for phased nuclear loci ranged from 450 
to 793 bases, with the number of unique alleles sequenced ranging from 19 to 64 (Table 3.1). 
The percentage of missing data ranged from 0.3% to 26.3%. Inter-locality, uncorrected p-
distances generated using MEGAv6.0 (Tamura et al. 2013) ranged from 0.017 to 0.121, while 
intra-locality distances ranged from 0 to 0.012 (Table 3.2). 
3.2 Mitochondrial tree and divergence time estimation 
In our Bayesian reconstruction of the mitochondrial gene tree, we observed deep divergences 
among the mitochondrial haplotypes represented in each locality (Figure 3.1). The earliest  
 
TABLE 3.1: Summary of nucleotide sequence alignments for each phased, nuclear locus. 
Locus Sequence length 
Total number of 
phased alleles 





ANKRD 568 116 32 0.063 
ApoB 550 148 55 0.027 
BDNF 450 148 42 0.082 
BRCA 650 150 55 0.079 
CCNT 612 132 47 0.114 
GHR 564 134 33 0.017 
GRIN 718 112 41 0.085 
MBD 757 136 25 0.019 
MCGF 593 144 58 0.075 
NCOA 715 138 19 0.003 
PTGER 473 148 20 0.027 
RAG-1 607 146 56 0.033 
SLITRK 711 128 56 0.063 
TMEM 719 72 28 0.084 
vWF 793 142 64 0.263 
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TABLE 3.2: Uncorrected p-distances generated in MEGA. Each value represents the average number of base differences per site. 
Numbers in headings correspond to locality numbers (see Figure 1.1). 1a and 1b denote the lower- and higher-elevation groups of 
individuals from Mt. Gandangdewata; 8203 refers to WFB8203 from Mt. Mekongga. 
Locality 0 3 4 1a 1b 2 7 8 5 9 8203 6 
0 0            
3 0.011 0.004           
4 0.118 0.109 0.002          
1a 0.111 0.100 0.017 0.001         
1b 0.105 0.100 0.040 0.041 0.002        
2 0.017 0.012 0.099 0.095 0.102 0.003       
7 0.117 0.105 0.110 0.106 0.116 0.100 0.007      
8 0.114 0.102 0.102 0.098 0.099 0.098 0.047 0.008     
5 0.110 0.103 0.030 0.031 0.031 0.093 0.109 0.097 0.012    
9 0.050 0.048 0.122 0.110 0.098 0.045 0.118 0.103 0.109 0.00   
8203 0.044 0.041 0.119 0.114 0.106 0.037 0.115 0.107 0.116 0.045 n/a  































FIGURE 3.1: Bayesian mitochondrial gene tree generated in BEAST illustrating the relationships between individuals of Crocidura 
elongata. Numbered boxes correspond to localities (see Figure 1.1; 1a and 1b denote the lower- and higher-elevation groups of 
individuals from Mt. Gandangdewata).
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divergence separated Mt. Dako and Mt. Buliohuto from all other localities. Within the latter 
clade, the first divergence divided Mt. Gandangdewata, Mt. Latimojong and Lore Lindu from the 
other localities. Bayesian posterior probabilities for many nodes exceeded 0.95, although many 
nodes had considerably less support. For example, the node joining Mt. Dako and Mt. Buliohuto 
to the others received a posterior probability of 0.29; additionally, the node joining the clade of 
Luwu Timur individuals to the Mt. Balease clade received a posterior probability of 0.59. Most,  
but not all, of the sampled localities formed clades. The Mt. Gandangdewata and Mt. Mekongga 
samples were both paraphyletic, grouping according to elevation (one clade of individuals from 
Mt. Gandangdewata was sampled at ~1000 m above the other clade; likewise, one individual 
from Mt. Mekongga (WFB8203) was sampled at least 1350 m below the other two individuals 
from that locality). Individuals from Lore Lindu were monophyletic on the gene tree, but two 
clades were separated by relatively long branches and the node joining them was poorly 
supported (posterior probability of 0.48). Individuals from the two Lore Lindu clades were 
sampled sympatrically. We estimated the mean age of the oldest divergence within C. elongata 
at 2.10 Ma with a 95% HPD interval of 0.97–3.88 Ma. 
Our ML tree (Figure 3.2) largely supported the relationships established in the Bayesian 
analysis. However, individuals collected from Lore Lindu were paraphyletic, divided into two 
clades mirroring the two Lore Lindu clades observed in the Bayesian analysis. Additionally, the 
clade of individuals collected from Luwu Timur was nested among the Mt. Balease specimens. 
3.3 Phylogenetic analysis of concatenated nuclear genes 
For the most part, the relationships and groupings supported in our concatenated analysis (Figure 
3.3) were consistent with those supported by the mitochondrial gene tree analyses. However, the 






























FIGURE 3.2: Maximum likelihood mitochondrial gene tree generated in GARLI illustrating the relationships between individuals of 
Crocidura elongata, with Crocidura batakorum serving as the outgroup. Numbered boxes correspond to localities (see Figure 1.1; 1a 
























FIGURE 3.3: Concatenated nuclear gene tree generated in MrBayes illustrating the relationships 
between individuals of Crocidura elongata, with Crocidura nigripes serving as the outgroup. 
Numbered boxes correspond to localities (see Figure 1.1; 1a and 1b denote the lower- and 




somewhat poorly supported clade (posterior probability of 0.71). In addition, the individuals 
comprising the low-elevation Mt. Gandangdewata mitochondrial clade were paraphyletic in the 
concatenated analysis, although all individuals still grouped apart from the high-elevation Mt. 
Gandangdewata specimens. 
Our concatenated analysis also suggested somewhat complicated patterns of genetic 
differentiation between individuals from the Mt. Balease, Luwu Timur, Mt. Tompotika, Salu 
Tiwo, and Mt. Mekongga localities. The three individuals from Mt. Mekongga formed a clade, 
albeit with a posterior probability of only 0.66. Additionally, the clade of Mt. Tompotika 
individuals was nested within a larger clade containing individuals from Mt. Balease and Luwu 
Timur. Individuals from Mt. Balease, with the exception of one individual that was sister to the 
Mt. Mekongga clade, were interspersed with the individuals from Luwu Timur. 
3.4 Assessment of geographic patterns of diversity 
The hierarchical implementation of STRUCTURE analyses revealed both broad- and fine-scale, 
geographically associated genetic partitions. The initial set of all individuals (Figure 3.4, Level 
1) was estimated by the Evanno et al. (2005) method to comprise two clusters with no evidence 
of admixture. One cluster consisted of all individuals from Salu Tiwo, Mt. Balease, Luwu Timur, 
Mt. Tompotika, Mt. Dako, Mt. Buliohuto, and Mt. Mekongga; the other of all individuals from 
Mt. Gandangdewata, Mt. Latimojong, and Lore Lindu. We observed a distinct elevational  
difference between the two clusters (Figure 3.5), with the mean elevation of the latter cluster 
(2169 m) markedly above that of the former (864 m). 
Level 2 of the STRUCTURE analysis produced a similar pattern, with each cluster 
identified in Level 1 splitting into two clusters with no signal of admixture (Figure 3.4, Level 2): 
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FIGURE 3.4: Summary and likelihood plots from our hierarchical implementation of STRUCTURE. The x-axes on the summary 
plots are representative of individual specimens. Specific shades on summary plots represent cluster assignments; the probability an 
individual belongs to a specific cluster is expressed by the height of that shade. Numbers within summary plots indicate localities 
from which individuals comprising the numbered cluster were sampled (see Figure 1.1; 1a and 1b denote the lower- and higher-
elevation groups of individuals from Mt. Gandangdewata). The analysis labeled “Level 1” consists of all individuals from all 
localities. Arrows point from a cluster assignment in a previous analysis to an analysis including only the individuals assigned to 
that cluster. Below each summary plot is a plot showing the likelihoods (mean L(K)) for each number of cluster assignments (K) 
tested in that analysis. Error bars indicate standard deviation. 
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FIGURE 3.5: Elevational comparison of clusters identified in STRUCTURE analyses. Numbered points represent individuals identified 
with their locality number (see Figure 1.1). Individuals are grouped according to their split assignment in a specific STRUCTURE 
analysis; (a) illustrates the elevational difference between the two clusters identified in the Level 1 STRUCTURE analysis, and (b) 




individuals from Salu Tiwo, Mt. Balease, Luwu Timur, Mt. Mekongga, and Mt. Tompotika were 
split from those from Mt. Dako and Mt. Buliohuto, and the individuals from Mt. Latimojong and 
Lore Lindu, plus five individuals from Mt. Gandangdewata, were split from the remaining 15 
individuals from Mt. Gandangdewata. The five Gandangdewata individuals assigned to the 
former cluster were collected at 1535 to 1600 m above sea level, while the 15 assigned to the 
latter were collected at 2200 to 2600 m above sea level (Figure 3.5). The two groups of 
Gandangdewata individuals corresponded to two clades identified in the mitochondrial gene tree 
analysis. 
Each cluster identified in Level 2 of the analysis was subjected to its own STRUCTURE 
run. The analysis conducted on the cluster identified in Level 2a, comprising the higher-elevation 
group of Mt. Gandangdewata specimens, assigned each individual by nearly equal amounts to 
each of seven clusters; we regarded these results as biologically unrealistic and discarded them, 
leaving three Level 3 analyses. 
All individuals in runs 3a and 3b sorted into clusters by locality with the exception that 
the low-elevation cluster of Mt. Gandangdewata specimens grouped with the Lore Lindu 
specimens. In Level 3c of the analysis, the most appropriate K was estimated as 5 by the Evanno 
et al. (2005) method. Individuals from Salu Tiwo and Mt. Tompotika formed their own clusters, 
as did two individuals from Mt. Mekongga. The remaining individual from Mt. Mekongga 
(WFB8203) and all individuals from Luwu Timur and Mt. Balease were partially assigned, to 
varying degrees, to two clusters (WFB8203 and the Luwu Timur specimens always received the 
four highest membership coefficients for one of the two clusters). However, because of the 
extensive degree of admixture observed between the two clusters, the biological basis for this 
number of clusters may be weak. Lowering K to 4 produced somewhat inconsistent results, but 
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in most replicates Mt. Balease individuals were consolidated into one cluster, with WFB8203 
and the Luwu Timur individuals’ assignments split between the Mt. Balease and Mt. Tompotika 
clusters. Because the individuals from Salu Tiwo and the two individuals from Mt. Mekongga 
form their own clusters among different estimates of K, we consider it sensible to view these as 
discrete groups. However, the extent to which WFB8203, as well as individuals from Mt. 
Tompotika, Mt. Balease, and Luwu Timur, represent defined entities is less clear. 
Our Mantel tests indicated that both geographic distance (Mantel r statistic=0.58; 
p<<0.001) and elevational difference (Mantel r statistic=0.33; p<<0.001) exhibit significant 
correlation with mitochondrial genetic distance among individuals of C. elongata. 
3.5 Species delimitation  
Our BPP analyses supported the species status of most of the putative species we specified. 
Across every replicate, with each combination of priors, all putative species other than the two 
from Lore Lindu were delimited with posterior probabilities of 1 (Table 3.3). All replicates 
assigned a much higher posterior probability to a single species consisting of all individuals from 
Lore Lindu than to a division of these individuals into two species, although the extent of the 
difference between delimitation schemes varied between different sets of priors. 
3.6 Species tree estimation 
Many initial analyses in *BEAST failed to converge. Generally, the likelihood and posterior 
MCMC plots visualized in TRACER trended downward before stabilizing, a pattern we initially 
attributed to having set an insufficiently high upper bound to the 95% prior probability interval 
of the mean of the uncorrelated lognormal distribution for cyt b. However, the initial downward 
trend in the likelihood score continued to some extent even after raising our estimate of that 
parameter to biologically unrealistic values (e.g., an upper bound to the 95% prior probability
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TABLE 3.3: Posterior probabilities for each species delimitation under three combinations of ancestral population size and root age 
prior values. Each probability averaged across two replicates. Locality numbers correspond to listed in Figure 1.1; 1a and 1b denote 
the lower- and higher-elevation groups of individuals from Mt. Gandangdewata. 
Locality Mean Posterior Probability ( ± SD) 
 θ=(1,10); τ0=(1,10,1) θ=(2,2000); τ0=(2,2000,1) θ=(1,10); τ0=(2,2000,1) 
3 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
0 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
2 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
6 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
9 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
4 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
1a 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
1b 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
7 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
8 1.00000 ± 0 1.00000 ± 0 1.00000 ± 0 
5b/5a 0.871615 ± 0.16754895 0.90767 ± 0.04162031 0.99951 ± 0.00046669 
5b 0.128385 ± 0.16754895 0.09233 ± 0.04162031 0.00049 ± 0.00046669 
5a 0.128385 ± 0.16754895 0.09233 ± 0.04162031 0.00049 ± 0.00046669 
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interval of 5.0 substitutions per base per million years), leading us to suspect a poor fit of this 
dataset to the multispecies coalescent. Nevertheless, our estimated topology (Figure 3.6) 
generally agreed with the mitochondrial gene tree and concatenated nuclear gene tree. The most 
basal divergence between clades of C. elongata was dated at 8.38 Ma with a 95% HPD interval 
of 6.77–10.11 Ma; however, due to the abnormal behavior of the MCMC plots described above, 
we question the reliability of this date and instead base our conclusions on the dates estimated in 
our mitochondrial gene tree analysis. 
3.7 Gene flow estimation 
For the most part, we estimated minimal gene flow between the localities included in our 
MIGRATE-N analyses (Table 3.4), but migration rates were higher among localities that 
grouped together in Level 3 STRUCTURE analyses (Figure 3.4). The migration rates estimated 
between the NW AoE (represented by Mt. Dako and Mt. Buliohuto) and any locality or group of 
localities elsewhere on the island never exceeded 0.02 immigrants per generation. Similarly, 
localities included in Level 2a of the STRUCTURE analysis never exhibited high rates of gene 
flow with localities included in Level 3c, with immigration rates never exceeding 0.01 
immigrants per generation in either direction. Migration rates within each of those groups 
(localities included in Level 2a and those included in Level 3c) were generally much higher. 
Among localities comprising Level 3c (Mt. Balease/Luwu Timur/WFB8203, Salu Tiwo, and Mt. 
Tompotika—the two Mt. Mekongga individuals other than WFB8203 were excluded from 
analysis 2 to avoid artifacts from the small sample size), immigration rates ranged from 0.171 to 
0.948 immigrants per generation, though we note that the posterior distribution for M between  
Salu Tiwo and Mt. Tompotika failed to converge. Likewise, immigration rates between localities 
comprising Level 3a (Mt. Latimojong, Lore Lindu and the lower-elevation group of Mt.
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FIGURE 3.6: Species tree generated in *BEAST illustrating the relationships between putative species within Crocidura elongata 
with Crocidura nigripes serving as the outgroup. Numbered boxes correspond to localities (see Figure 1.1; 1a and 1b denote the 




TABLE 3.4: Summary of results from MIGRATE-N analyses. X denotes a failure to reach convergence in the posterior distribution 
for that parameter. Population labels are specified in Table 2.1. Values provided for θ and M are posterior distribution modes, with the 
95% probability interval given in parentheses. 
Analysis Population assessed θ 










B 13.0 (0–42.0) 0.006 




A 15.0 (0–54.7) 0.008 




A 7.7 (0–32.7) 0.002 





B 30.0 (0–132.0) 0.009 
C 42.0 (0–148.0) 0.013 
D 26.0 (0–128.0) 0.008 




A 30.0 (0–132.0) 0.011 
C 22.0 (0–120.0) 0.008 
D 22.0 (0–124.0) 0.008 
E 18.0 (0–120.0) 0.007 
C 0.00037 (0–0.0009) 
A 42.0 (0–148.0) 0.004 
B 22.0 (0–120.0) 0.002 





D 0.00051 (0–0.001) 
A 26.0 (0–128.0) 0.003 
B 22.0 (0–124.0) 0.003 








(TABLE 3.4 continued) 
Analysis Population assessed θ 






2 E 0.00111 (0–0.002) 
A 34.0 (0–140.0) 0.010 













B 26.0 (0–124.0) 0.010 
C 34.0 (0–140.0) 0.013 
D 38.0 (0–144.0) 0.014 
E 42.0 (0–152.0) 0.016 




A 26.0 (0–124.0) 0.007 
C 30.0 (0–132.0) 0.008 
D 56.0 (0–124.0) 0.014 
E 26.0 (0–128.0) 0.007 
F 22.0 (0–124.0) 0.006 
C 0.0004 (0–0.0008) 
A 34.0 (0–140.0) 0.004 


















(TABLE 3.4 continued) 
Analysis Population assessed θ 







D 0.0006 (0–0.0015) 
A 38.0 (0–144.0) 0.006 









F 86.0 (0–268.0) 0.013 
E 0.0006 (0–0.0011) 
A 42.0 (0–152.0) 0.006 









F 198.0 (24.0–456.0) 0.0298 
F 0.00003 (0–0.0003) 
A 50.0 (1–156.0) 0.0005 
B 22.0 (0–124.0) 0.0003 
C 130.0 (0.0–300.0) 0.001 
D 86.0 (0–268.0) 0.001 








Gandangdewata specimens) ranged from 0.208 to 0.691 immigrants per generation. The high-
elevation Mt. Gandangdewata group, however, seemed largely isolated from all other 
populations, as the immigration rate from this group to the lower-elevation group from the same 
mountain was 0.03 immigrants per generation with no other immigration rates including the 
high-elevation group exceeding 0.01 immigrants per generation. In general, convergence in the 




















4. Discussion and Conclusions 
Our analyses identify deep divergences among clades of Crocidura elongata, suggesting that the 
current single-species classification does not adequately reflect the diversity of the taxon. 
Although our results were not entirely concordant, the analyses did agree in many respects. For 
instance, clusters identified in the STRUCTURE analyses (Figure 3.4) generally corresponded to 
mitochondrial clades and, with a few exceptions, to clades in our concatenated nuclear gene tree. 
The topologies of our concatenated sequence tree and *BEAST species tree (Figs. 3.3 and 3.6) 
largely support the same relationships as our mitochondrial gene tree, though we treat our 
species tree with caution because of the problems with MCMC behavior described in Methods 
and Results. 
The sharp geographic partitioning of C. elongata clades is inconsistent with the genetic 
partitioning in monkeys and toads observed by Evans et al. (2003a). Therefore, the historical 
factors responsible for the distributions of monkeys and toads do not appear to have been as 
important in shaping the modern, overall distribution of C. elongata lineages. However, we 
cannot rule out the possibility, if C. elongata is indeed a complex of multiple species, that one or 
more of the component species abides by the AoE paradigm. For example, if C. elongata 
consisted of a highland and lowland species, corresponding to the initial split in the 
STRUCTURE analysis (Figs. 3.4 and 3.5), either species individually could exhibit genetic 
partitioning consistent with the AoE paradigm when examined across Sulawesi as a whole. 
 In addition to the elevational difference between the clusters identified in the initial 
STRUCTURE split, two cases of paraphyly observed in the mitochondrial gene tree analyses are 
consistent with diversification across elevational gradients. The two clades of individuals 
sampled from Mt. Gandangdewata group distinctly by elevation, with one clade sampled 
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between 1535 and 1600 m, the other between 2500 and 2600 m. Similarly, on Mt. Mekongga one 
distinctive individual (WFB8203) was collected at 150 m, whereas the other two specimens were 
collected at 1515 and 1899 m, respectively. Both elevational partitions (those of Mt. 
Gandangdewata and Mt. Mekongga) were supported by the STRUCTURE analysis, although the 
Mt. Mekongga individuals formed a poorly supported clade in the concatenated analysis. 
However, this limited sample precludes a firm conclusion regarding the diversity of C. elongata 
on Mt. Mekongga. Additionally, our mitochondrial gene tree analyses were equivocal in respect 
to the monophyly of the Lore Lindu specimens, but the two clades from that locality were not 
separated by elevation. Rather, the three individuals comprising the smaller Lore Lindu clade 
were sympatric with individuals from the larger clade, and neither our concatenated nuclear gene 
tree nor the STRUCTURE analysis supported splitting the Lore Lindu individuals into two 
groups. 
 Elevation has long been posited as a driver of diversification among small mammals of 
Southeast Asia (Ruedi 1995; Musser et al. 2010; Justiniano et al. 2015), but empirical validation 
has been elusive. For example, noting morphological discrepancies between two C. elongata 
specimens collected at different elevations in Lore Lindu National Park, Ruedi (1995) suggested 
the possibility of altitudinal diversification. Our results here add empirical heft to that general 
speculation. Our estimation of minimal levels of gene flow between the two sides of the Level 1 
STRUCTURE split, compared with moderate levels of gene flow within each side of the split 
(though not between Mt. Dako/Mt. Buliohuto and the other localities comprising that side of the 
split), strongly suggests a role played by elevation in the divergence of those lineages. 
Furthermore, our estimation of minimal gene flow between our highest-elevation samples, the 
group of Mt. Gandangdewata specimens sampled at 2500–2600 m, and the lower high-elevation 
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lineages occupying Lore Lindu, Mt. Latimojong, and the 1535–1600 m section of Mt. 
Gandangdewata, suggests that elevation has played a role in lineage divergence on multiple 
occasions. Our observations of the Lore Lindu, Mt. Latimojong, and lower-elevation Mt. 
Gandangdewata groups suggest some degree of connectivity (either past or present) between 
high-elevation habitats, in contrast to repeated up-mountain colonizations by neighboring 
lowland species. This is somewhat analogous to the patterns observed in Philippine Apomys mice 
(Justiniano et al. 2015), with the exception that C. elongata lineages also occur in the lowlands, 
whereas Apomys on Luzon have been collected almost exclusively above 700 m. 
 In the Bayesian mitochondrial gene tree analysis, we estimated the root age at slightly 
older than 2 Ma (95% HPD 0.97–3.88 Ma). Thus, the oldest divergence within C. elongata 
appears to post-date the fusion of all components of the proto-Sulawesi archipelago, with the 
possible exception of a large fragment of the SE AoE (Hall 2002). If C. elongata, or some 
component of it, abides by the AoE paradigm, then, isolation on proto-Sulawesi islands is 
probably not the cause of their modern distributions. This does not necessarily mean that island 
coalescent events did not influence the AoEs’ formation, however. For example, the islands’ 
fusion into a single landmass may not have erased historical ecological differences, such as soil 
and plant community compositions, that would have influenced subsequent population 
distributions and interactions. It should be noted, however, that the substitution rate used to 
calibrate both dating analyses in this study was taken from a distantly related species, a practice 
that has been criticized (Nabholz et al. 2007).  
The consistent downward trends we observed in the species tree analysis’s posterior 
MCMC plots suggest a poor fit of our dataset to the multispecies coalescent, a phenomenon not 
uncommon in empirical studies (Reid et al. 2013). Factors contributing to poor fit can include 
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gene flow between lineages, selection, gene duplication and/or extinction events, and genetic 
recombination (Reid et al. 2013). Our estimate of the date of the oldest divergence among clades 
of C. elongata from the species tree analysis (8.38 Ma) is much older than the date estimated in 
the mitochondrial gene tree analysis (2.10 Ma), a result inconsistent with gene flow having 
strongly influenced any departures from the multispecies coalescent (Leaché et al. 2014). 
However, we did estimate moderate levels of gene flow among some of the groups whose 
relationships were estimated in the species tree analysis, a violation of the multispecies 
coalescent assumption of no migration between groups. Additionally, because of the complicated 
patterns of differentiation among the Mt. Balease, Luwu Timur, Mt. Tompotika, and Mt. 
Mekongga localities we observed in the STRUCTURE and concatenated analyses, it is possible 
that the individuals collected from these localities have not diverged sufficiently to justify 
actually treating these groups as discrete populations. Although we treat our results from our 
species tree analysis warily, we note that, if taken at face value, they would leave open the 
possibility that dispersal to different components of the proto-Sulawesi archipelago contributed 
to the earliest divergences among clades of C. elongata. The plate tectonic reconstructions of 
Hall (2002) suggest that the landmasses that would later become Sulawesi remained divided by 
sea 8 Ma. In particular, the landmass most closely neighboring Sundaland, comprising the 
western portion of Sulwesi’s central core and its southwestern peninsula, was separated from 
other islands by narrow channels. Thus, any taxon with the capacity to disperse from Sundaland 
to western Sulawesi around 8 Ma could presumably have dispersed to other islands thereafter, a 
scenario that has been posited for Sulawesi squirrels (Hawkins et al. 2016). With respect to C. 
elongata, however, such a scenario remains unsupported outside of our species tree analysis (the 
mitochondrial substitution rate would need to be reduced to 0.003 substitutions per site per 
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million years for the date estimated in the mitochondrial gene tree analysis to match the 8.38 Ma 
figure estimated in the species tree analysis). 
In sum, Crocidura elongata, as defined by current classification (Miller and Hollister 
1921; Ruedi 1995), is a highly diverse taxon featuring a number of well-defined, highly diverged 
lineages. These lineages appear distinctly partitioned geographically, with elevation and 
collection locality predicting degree of genetic similarity. The current single-species 
classification is almost certainly insufficient to account for the diversity present. However, much 
greater geographic sampling is needed to determine whether genetic partitioning of the species 
comprising the C. elongata complex is concordant with the AoEs. Nevertheless, this study joins 
a growing body of work (e.g., Rickart et al. 2005; Esselstyn et al. 2013; Justiniano et al. 2015) in 
recognizing the importance of within-island diversification in building regional faunas, 
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TABLE A.1: Primer sequences and locus-specific annealing temperatures. 
Gene name Primer name Sequence 
Annealing temperature 
(˚C) 
ANKRD F1 TTTCCAGCAGATCCGTCCAC 57 
ANKRD R1 ACTCCCAGAAGAACTGCTGC 57 
CCNT F1 TAGCTGCCCAGGTAGAACAG 57 
CCNT R1 TATGTGACAGGGGGAGGAGG 57 
GRIN F1 ACTATGGAATATGGCCAGAGCA 57 
GRIN R1 AGAAACCTTCCAGTCCAGCA 57 
MBD F1 AGCTCTGAGTGCCATGAGTG 52 
MBD R1 TTGAACGTCCTTGGCCTATAA 52 
NCOA F1 GCAGCAGCACAGGAAATAGC 56 
NCOA R1 TCCAGTCGCTCAAGTTTGGG 56 
SLITRK F1 ATAACCCATGGGACTGCACC 56 
SLITRK R1 TGGATCGCGTTGTACTCCAC 56 
TMEM F1 AGCAATGACAAGACTGGAAGA 52 
TMEM R1 GTGAAAACAACTGAAAGTCTTCTGC 52 
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TABLE A.2: Models of nucleotide substitution used for each phased and unphased nuclear locus. 
Locus Model of nucleotide substitution 
used (phased loci) 
Model of nucleotide substitution 
used (unphased loci) 
ANKRD HKY F81 
ApoB HKY HKY + Γ 
BDNF JC K80 + Γ 
BRCA HKY HKY 
CCNT HKY JC + I + Γ 
GHR K80 K80 
GRIN K80 K80 
MBD HKY HKY 
MCGF HKY HKY 
NCOA K80 K80 
PTGER F81 HKY  
RAG-1 K80 K80 + I 
SLITRK K80 K80 
TMEM HKY HKY 
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